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Abstract The high penetration of wind energy sources in
power systems has substantially increased the demand for
faster-ramping thermal units participating in the frequency
regulation service. To fulfill the automatic generation
control (AGC) and compensate the influence of wind
power fluctuations simultaneously, ramping capacity
should be considered in the dispatch model of thermals.
Meanwhile, conventional methods in this area do not take
the impact of transmission loss into the dispatch model, or
rely on offline network model and parameters, failing to
reflect the real relationships between the wind farms and
thermal generators. This paper proposes an online approach
for AGC dispatch units considering the above issues.
Firstly, the power loss sensitivity is online identified using
recursive least square method based on the real-time data
of phasor measurement units. It sets up power balance
constraint and results in a more accurate dispatch model.
Then, an improved multi-objective optimization model of
dispatch is proposed and a connection is established
between the thermal units with fast ramping capacity and
the wind farms with rapid fluctuations. Genetic algorithm is
used to solve the dispatch model. The proposed method is
compared with conventional methods in simulation case in
the IEEE 30-bus system. Finally, simulation results verify
the validity and the feasibility of identification method and
optimization model.
Keywords Ramping capacity, Loss sensitivity,
Automatic generation control (AGC) optimal dispatch,
On-line identification, Genetic algorithm
1 Introduction
With the increase of wind energy penetration and power
consumption, the dispatch of automatic generation control
(AGC) units becomes an important issue in the field of fre-
quency control [1]. In recent years, wind energy, as a kind of
clean and abundant energy, occupies an increasingly impor-
tant position. The random characteristic of wind speed results
in a serious degree of disturbance in the power system, leading
to the increasing need of faster-ramping thermal units. Lots of
work have been proposed to improve the ramping capacity of
thermal units [2, 3]. Reference [2] improved the ramping
capacity of thermal units by cooperating circulating fluid bed
(CFB)unitswith heating units.Reference [3] achieved its goal
by optimizing primary air pressure controlling loop, adding
the loop of caloricity calibration to adapt to the coal quality
variation, and designing condensate throttling and parameter
adaptive method of key parameters in boiler and turbine.
The AGC units dispatch is essentially an optimization
problem, therefore, different optimization methods have been
used to solve this issue, such as dynamic programmingmethod
[4], ant colony optimization, genetic algorithm (GA) [5, 6],
particle swarm optimization (PSO) technique [7–9], and
improved immune algorithm [10], etc. Despite different opti-
mization methods, the objective function limits to the mini-
mization of generation cost without considering the ramping
capacity. References [2, 3] didn’t consider both objectives in
the same framework, which leads to application difficulties.
On the other hand, frequency control requires the real-time
balance of generation, load and loss, andmeets the generation
limits. In many existing studies, the transmission loss is
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ignored, therefore, the result of dispatching is suboptimal.
This is because the transmission loss affects the output of
generationunits directly, thus affecting the power distribution.
Conventional loss calculation is based on B-coefficient
method [11], and then is improved with inverse Jacobian
transpose method [12] and Z-bus loss allocation [13]. These
methods are based on the off-line models and parameters
which are contained with bias in real power systems, there-
fore, the performances are doubtful. With the implementation
of phasor measurement units (PMUs), the active power of
most nodes can be real-time measured, which provides a new
direction to calculate the transmission loss.
To solve the above issues, a real-time AGC dispatch
units approach considering wind power and ramping
capacity of thermal units is proposed in this paper. Firstly, a
transmission loss sensitivity is identified and the transmis-
sion loss is calculated. Then, a multi-objective optimization
model combining with generation cost (considering the
transmission loss) and fast-ramping capacity is proposed.
The remainder of this paper is organized as follows:
Section 2 proposes the recursive least square (RLS)
method to identify the loss sensitivity matrix online. Sec-
tion 3 presents a multi-objective optimization model of
AGC dispatch units. Section 4 uses the GA to solve the
optimal allocation problem, and the simulation result of
IEEE 30-bus case indicates the validity of the dispatch
model and the methodology of loss sensitivity matrix
online identification. Section 5 draws conclusion.
2 Online identification of loss sensitivity
During the processes of AGC optimal allocation, the











where ND is the set of load nodes; NG is the set of thermal
generation units; NW is the set of wind generation units; Pdi
is the demand of Node i; Pl is the system transmission loss;
Their sum is the effective load to be satisfied; PGj is the
generation of unit j in thermal power plants; Pwl is the
generation of unit l in wind power plants.
How to accurately and rapidly identify the transmission
losses of current network during the process of AGC
optimal allocation is of importance in practice. The
development of PMUs and wide area measurement system
(WAMS) makes it possible to achieve the real-time mea-
surement of state variables in the power system. In the
platform of WAMS, the variation of all the units can be
obtained directly, thus, the transmission loss can also be
calculated using the real-time measurement data. The
constraint of power balance can also be described with loss



























whereDPdi is the change of the demand at Node i;DPGj is the
change of the generation of thermal unit j;DPwl is the change
of the generation of wind unit l; oPl=oPdi is the loss sensi-
tivity to the active power at load Node i; oPl

oPGj is the loss
sensitivity to the active power at thermal unit j; oPl=oPwl is
the loss sensitivity to the active power at wind unit l.
Transmission loss is related to the changes of power flows.
The change of active power output at Node k (DPk) will result
in the change of transmission loss (DPl) with the active
power output of other nodes (except for the balance node)
unchanged. Thus, under current system operating status, the
relation between the active power output of Node
k and transmission loss can be approximately described as
follows:
DPl ¼ oPloPk DPk þ ek ð3Þ
where the partial derivative oPl=oPk is the loss sensitivity
to the active power at Node k; ek is the deviation that the
approximate description above brings.
Similarly, the number of the nodes (except for the
balance node) at which the active power change extends to
N, then the approximate relation between the power
output of N nodes and transmission losses can be described
as:
DPl ¼ oPloP1 DP1 þ
oPl
oP2
DP2 þ    þ oPloPk DPk þ   
þ oPl
oPN
DPN þ e ð4Þ
where e is the deviation of all.
For actual power system, in m continuous sampling
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The matrix form is described as:
DPl ¼ DP oPloP þ e ð6Þ
where DP is the matrix of the changes of active power of
different nodes; oPl=oP is the vector of the loss sensitivity;
e is the vector of deviation.
The matrix DP in (6) can be measured by WAMS, while
the vector DPl can be calculated through the data of real-
time measurement. At the condition of m = N, the unique
solution can be obtained when DP is invertible. If DP is not
invertible, the sampling times m can be increased to make
DP column full rank. As for the condition of m[N, the
vector of loss sensitivity can be obtained with least square
(LS) method. For the character that RLS algorithm does
not need to reserve all the data, (once a new set of data
arrives, the parameters will be estimated), the required
amount of calculation and storage space is very small.
Therefore, online real-time identification can be achiev-
able. From the mathematical point of view, (4) is expressed
as a standard multiple linear regression equation, where the
active power changes of different units’ output are the
independent variables, the transmission loss is the depen-
dent variable, and the sensitivity coefficients are the
regression coefficients. Equation (6) is established by
repeatedly creating (4) at different continuous sampling
intervals, furthermore, the sensitivity coefficients will be
calculated using. the modeling method of multiple regres-
sion. The results of loss sensitivity identification are used
for the AGC dispatch. Therefore, the frequency of
parameter estimation is designed to be consistent with the
AGC command signal.




The goal of economic dispatch is to minimize the total
cost of power generation by reasonably distributing the
active power output of generator sets under the premise of
generating and operating constraints.
The phenomenon when the turbine intake valve turns
wire drawing superimposes a pulsating effect on the unit
consumption curve, resulting in a valve-point effect [14].
In addition to the cost of generation fuel in the turbine, the
energy cost produced by steam turbine valve point is
included in the overall power cost in this paper. The eco-
nomic optimization goal expression without considering
wind power operation cost is described as:
min f ðPGjÞ ¼
X
j2NG
FjðPGjÞ þ EjðPGjÞ ð7Þ
where f(PGj) is the total cost of the generation; Fj(PGj) is
the cost of generation fuel of thermal unit j; Ej(PGj) is the
energy cost produced by turbine’s valve-point of thermal
unit j.
FjðPGjÞ ¼ ajðPGjÞ2 þ bjPGj þ cj ð8Þ
EjðPGjÞ ¼ ej sin½fjðPGjmin  PGjÞ
  ð9Þ
where aj, bj, cj are the fuel cost coefficients; PGjmin is the
minimum output of thermal unit j; ej and fj are the coeffi-
cients of valve point effects.
3.1.2 Economical efficiency
The emergence of high renewable energy source pene-
tration such as wind power in the energy mix of power
systems has substantially increased the need for faster-
ramping resources participating in the frequency regula-
tion. Meanwhile, with the development of fast-ramping
technology, there is a gap of ramping capacity between
different thermal units. Under such circumstance, how to
allocate the output of thermal units to make the regulation
time of AGC shortest by allocating more output to the units
with faster-ramping capacity is the goal of rapidity.
The regulation time of thermal unit j can be described as
follows:
tj ¼ PGj  PGjnow
 =Vj ¼ DPGj
 =Vj ð10Þ
where Vj is the regulation rate of thermal unit j.
When all the regulation units adjust with their outputs at
the same time, the AGC regulation time of the area is the
longest regulation time of all units.




where T is the regulation time of AGC.
In order to make the time of AGC regulation shortest,
we need to make the time of the slowest unit shortest. The
objective function of rapidity can be expressed as
follows:




3.1.3 Cooptimization of economy and rapidity
The objective functions of economy and rapidity have
different dimensions, so we decide to sum them up after
normalizing respectively, the co-optimization of them can
be described as follows:











where as, ap are the weight coefficients of rapidity and
efficiency, and as ? ap = 1; Topi, Copi are constants, the
purpose of which is to keep the normalized values of
economy and rapidity in the same order of magnitude. In
this paper, the value of Copi to the optimal cost is assigned
when only considering efficiency, and Topi to the optimal
time when only considering rapidity.
3.2 Operating constraints
1) The power balance constraint using loss sensitivity
As mentioned above, the real-time changes of units’
outputs and transmission loss measured by PMUs are uti-
lized to identify and update the loss sensitivity matrix in
real time. We can obtain the transmission loss during the
optimization process by the loss sensitivity matrix, and
then the constraint of the power balance can also be


























It is worth mentioning that the calculation speed is an
important index of power system dispatch. Compared with
the loss sensitivity calculation method based on the trend of
network, the methodology in this paper can enhance the
calculation speed with the assurance of the computing
accuracy at the same time, which can meet the requirement
of real-time dispatch better.
2) Capacity constraints of thermal generators
The output of thermal generators has operating range,
while the constraint can be described as follows:
PGjmaxPGjPGjmin ð15Þ
3) The capacity constraints of spinning reserve
To guarantee its safety and reliability, the system needs
to preserve sufficient reserve capacity, spinning reserve in
especial. The capacity of spinning reserve is used to reduce
the effect of errors in load prediction when there is no wind
farm in the network. With the penetration of wind farm, the
effects of errors caused by wind power prediction should
be taken into account. Under this circumstance, two dif-
ferent types of spinning reserve should be considered, i.e.,
upward spinning reserve and downward spinning reserve.
The upward spinning reserve is used to deal with sudden
increase of load and unexpected drop of wind power, while
the downward spinning reserve is used to cope with the
opposite situation. When the downward spinning reserve is
not considered in dispatch of the system, it may result in
frequent start-stop operations of thermal generating units
[14].





S jus ¼ minðS jusmax;PGjmax  PGjÞ
ð16Þ
where S jus is the capacity of upward spinning reserve pro-
vided by generator unit at present; L is the requirement of
upward spinning reserve made by the prediction error of all
the load in the system; wu is the requirement of upward
spinning reserve made by the prediction error of wind
power; S jusmax is the maximum of upward spinning reserve
that thermal unit j can offer.













ds is the capacity of downward spinning reserve
provided by generator unit at present; Pwmax is the maxi-
mum capacity of the wind farm; wd is the requirement of
downward spinning reserve made by the prediction error of
wind power; S
j
dsmax is the maximum of downward spinning
reserve that thermal unit j can offer.
4 Simulation on IEEE 30-bus system
4.1 Simulation system
IEEE 30-bus system is used to explain the identification
of loss sensitivity methodology and the validity of the
optimal dispatch model is proved. The test case is shown in
Fig. 1.
The data of the current active power supply, the upper
and lower limits of active power supply, the coefficients of
the cost and the ramping rates of thermal units are shown in
Appendix Table 4. The corresponding number of each unit
is provided according to its bus number. Unit 1 is the
balancer of the system, which can regulate its power supply
within upper and lower limits. Unit 8 stands for the wind
farm with the specified active power supply of 0.3 p.u.,
which including 20 wind units based on the good perfor-
mance of variable. The overall load of the system is 2.883
p.u. and the basic value of the power is 100 MVA [15]. The
simulation platform is MATLAB 7.0.
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4.2 Identification of loss sensitivity
Under the present operating circumstance, we bring a
stochastic perturbation with small amplitude into the active
power outputs of all the units (except for the balancer) in
the system to imitate the changes of the system (Apply
0.5 % of current outputs for the thermal units as a
stochastic interruption, while 2.5 % of current outputs for
the wind unit to simulate its sharper change). The loss
sensitivities of units are identified in a real-time scale with
the utilization of the active power supply of common units
and variation of transmission losses supervised at different
time, where RLS method is also used. To prove the fea-
sibility and superiority of the loss sensitivity identification
method clearly, the simulation result is compared with that
of the B-coefficient method and the inverse Jacobian
method as shown in Table 1. The loss sensitivity of the
balancer in the system is set to 0 as a reference. The time
consumptions of the three methods are also provided in the
Table 1. A relative error is used to describe the similarity
of the results between the proposed method and inverse













RJ is the relative error of loss sensitivity between
the proposed method and inverse Jacobian transpose
method at bus i; SiR and S
i
J are the loss sensitivity results at
bus i calculated by the proposed method and inverse
Jacobian transpose method, respectively. diRJ is also
shown in Table 1.
From Table 1, we can obtain the similar results by the
identification with the RLS method, B-coefficient method,
and inverse Jacobian method, thus guaranteeing the
validity of the method.
Compared the B-coefficient method with inverse Jacobian
method, the method in this paper can improve the computing
speed on the assurance of full use of the data, which is helpful
to the real-time generating control. It is worth mentioning that
the algorithmutilizes the current disturbance data to reflect the
influence of the output of the generation units on the trans-
mission losses. The proposedmethod utilizes the data that can
reflect the real operational condition of power systems, while
the B-coefficient method and the inverse Jacobian method
utilize the off-line data and models.
Next, we will observe the effect of the perturbation ampli-
tude on the sensitivity identification by applying different ran-
ges of random disturbance on the nodes. We apply 0.2 %,
0.5 %, 1 %, 2 %,2.5 %of current outputs for the thermal units,
while1 %,2.5 %,5 %,10 %,12.5 %areused for thewindunit
to simulate perturbation, obtainingfive sensitivity identification
results under different conditions, respectively. Then we cal-
culate the root-mean square error between the identification
result and the result of inverse Jacobianmethod, respectively, as
shown in Fig. 2. From Fig. 2, we can see that the perturbation
amplitude within a certain range does not have an obvious
effect on the identification results. Furthermore, it can illustrate
that the loss identification method has wide applicability under
actual operation status with different disturbance amplitudes.
4.3 Dispatch results of AGC units
The power-balance constraint is set up with the loss
sensitivity matrix calculated in Section 4.2, and then the
AGCdispatch of IEEE 30-bus system ismodeledwith taking
ramping capacity into consideration. Genetic algorithm
(GA) is used to solve the optimization model. Because the
computing time increases correspondingly with the increase
of genetic algebra, we hope to reduce genetic iterations as
many as possible on the basis of accuracy. Thus, wemake the
assumption that the genetic iteration process will be com-
plete if the variance of all species’ objective values is less
than the given tolerance to improve the genetic algorithm.
The parameters ofGA are selected through experiments. The
population is 500; the maximum number of generation is
5000; the crossover probability is 0.7.
When taking consideration of the output changes of wind
power units, we suppose that the output of wind farm
decreased to 0 because of the change of wind speed. The
active power of the system to adjust is 0.3 p.u.With the AGC
units dispatch model of IEEE-30, the effects of the weight
coefficient to rapidity, the loss sensitivity, the location of
faster-ramping unit on the result of optimization are ana-
lyzed as follows:
Fig. 1 IEEE 30-bus system
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1) Weight coefficient to rapidity
Using the model, we take different weight coefficients to
the rapidity, and then obtain the optimal distribution of all
the thermal units by means of improved genetic algorithm
(Fig. 3). Figure 4 describes the trend of the regulation time
and economical cost with the increase of weight coefficient
to the rapidity.
We can see from Fig. 3 the ramping capacity of Unit 5 is
superior to the other units, while the economy of Units 2 and
13 are superior to the others. When the weight coefficient of
rapidity increases, the simulation results show that the unit
with faster ramping capacity will obtain more allocation.
Due to the increase of the rapidity weight, the regulation time
of the system is reduced at the expense of the efficiency.
In Fig. 3, the optimal distribution curves of Unit 1 and
Unit 11 nearly overlap as the weight coefficient to rapidity
increases. The reason of the phenomenon above is that Unit 1
and Unit 11 have the same ramping capacity. As the weight
coefficient as increases to a certain high degree, the objective
of rapidity ought to be dominant. Thus, the units with same
ramping capacity will get similar distributions.
In Fig. 4, the regulation time decreases significantly when
weight coefficient to rapidity as increases from 0 to 0.2.With
the increase of as from 0.2 to 1.0, the ascent of the rapidity is
not obvious in contrast with a marked increase in the gen-
eration cost. We can illustrate that we will get a better opti-
mization result when as takes the value in the vicinity of 0.2
in our example.
2) Loss sensitivity
In this section, we analyze the impact of the loss sen-
sitivity on AGC dispatch. We assume the transmission loss
as a constant (0.03 and 0.06, respectively), thus obtaining
the corresponding optimal distribution in Table 2, wherein
the weight is taken as 0.2. As a constast, the optimal dis-
tribution when loss sensitivity taken into account is shown
in Table 2.
We can see from the Table 2, it will result in different
optimal allocations when we ignore the correction of
Table 1 Results of loss sensitivity
Method Unit 1 Unit 2 Unit 5 Unit 8 Unit 11 Unit 13 Computing time (ms)
RLS 0 -0.02749 -0.06721 -0.05031 -0.05051 -0.04073 12.566
B-coefficient 0 -0.03013 -0.06498 -0.04879 -0.04858 -0.03765 36.331
Inverse Jacobian 0 -0.02752 -0.06725 -0.05003 -0.04980 -0.04045 131.231
di
RJ
0.055033 % 0.009077 % 0.551593 % 1.444987 % 0.729403 %
Fig. 2 Root-mean square error of five kinds of disturbance
Fig. 3 Impact of as on optimal dispatch
Fig. 4 Impact of as on objective function
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transmission loss or not. It is also illustrated that the results
between different constants. The data in Table 2 demon-
strate the importance of transmission loss correction.
3) Location of faster-ramping unit
We define Unit A as the unit which was placed at Node
1 in Section 4.2, Unit B as the one at Node 2, Unit C as the
one at Node 5, Unit D as the one at Node 11 and Unit E as
the one at Node 13. We exchange the position of Unit C
which has faster-ramping capacity with other units
respectively, getting the corresponding optimal dispatch of
each unit and the objective of rapidity and economy as
shown in Table 3, where the rapidity weight is taken as 0.8.
The data in the first column means the node number to
which Unit C is changed, while the optimal generation
dispatch is shown in Column 2–5.
The results in Table 3 indicate that the location of faster-
ramping unit influences the optimal dispatch as well. When
the faster-ramping unit is located at Node 5, the system gets
the smallest optimization goal, while in Node 1, the opti-
mization goal reaches largest. It can be explained through the
distances between faster-ramping unit and Node 8 where
wind units are placed.Whenwe take theweight to rapidity as
0.8, it means the output of faster-ramping unit will account
for a large proportion of the total output. In other words, the
transmission loss that the faster-ramping unit generates will
largely affect the total active power output to adjust. Due to
the electrical distance between Node 5 and 8 is the shortest,
which means corresponding transmission loss is smallest
when the faster-ramping unit is placed at Node 5, the total
output is smallest. Similarly, when the fast-ramping unit is
placed at Bus 1, the total output reaches the largest. We can
conclude that an improved dispatch will be achieved under
the condition and that the faster-ramping unit is placed near
the wind units.
5 Conclusion
In this paper, a fast online approach based on the RLS
method is proposed to calculate loss sensitivity using real-time
data by PMUs, it helps to set up the power balance constraint.
This sensitivity is obtained through identifications based on the
measurements in the real power system, instead of simulations
based on offline models and parameters, thus it can reflect the
real relationships between the wind farms and thermal gener-
ators. Also, an improvedmulti-objective optimizationmodel of
dispatch is proposed, which establishes a connection between
the thermal units with fast ramping capacity and thewind farms
with rapid fluctuations more directly and reasonably.
The simulation is carried out in the IEEE 30-bus system
to show the effectiveness of the method. The loss sensitivity
is compared with the B-coefficient and inverse Jacobian
transpose methods and the results validate its feasibility.
AGC units dispatch model is solved with GA. Effects of the
weight coefficient on rapidity and the location of faster-
ramping unit are analyzed. The simulation results verify the
validity and the feasibility of the optimization model.
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Appendix
The parameters of five thermal units are shown in
Table 4.
Table 2 Impact of transmission loss correction on optimal dispatch




Constant loss (A-0.03) 0 0.1784 0.0610 0.0091 0.0713 0.188 2168.3 0.357
Constant loss (B-0.06) 0 0.2053 0.0626 0.0099 0.0821 0.337 2206.3 0.410
Loss sensitivity 0 0.0610 0.1329 0.0445 0.0610 0.304 2205.7 0.305
Table 3 Impact of the location of faster-ramping unit on optimal dispatch
Unit Unit A Unit B Unit C
(faster-ramping)






1 0.0416 0.0497 0.1239 0.0421 0.0496 0.1103 2255.9 0.248
2 0.0391 0.0492 0.1231 0.0419 0.0492 0.1099 2248.1 0.247
5 0.0405 0.0487 0.1219 0.0415 0.0487 0.1049 2248.0 0.244
11 0.0415 0.0489 0.1223 0.0416 0.0489 0.1054 2251.1 0.245
13 0.0408 0.0492 0.1231 0.0418 0.0492 0.1088 2251.4 0.246
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Table 4 Parameters of thermal units






aj ($) bj ($/p.u.) cj ($/(p.u.)
2) ej ($) fj (rad/p.u.) Vj (p.u./min)
1 1.2132 0.50 2.0 786.799 38.5397 0.1524 450 0.041 0.17
2 0.2700 0.25 1.0 945.633 46.1591 0.1058 300 0.036 0.2
5 0.5000 0.15 1.0 1049.99 40.3965 0.0280 320 0.028 0.5
11 0.3500 0.10 0.6 1658.56 36.3278 0.0211 280 0.063 0.17
13 0.2500 0.10 0.6 1356.65 38.2704 0.0179 310 0.048 0.2
360 Jingyi ZHANG et al.
123
